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ham Heights, MA) and antibody-coated "microfine" silica (Immophase Free T4 RIA; Corning Medical Products, Medfield, MA), as well as the analog free-T4 methods, have been shown to give falsely low estimates of free T4 in patients with nonthyroidal illness who have low concentrations of total T4('N'4) and TBG (1,5-7). On the other hand, free T4 as determined with the LiquiSol RIA for pregnant women, in whom TF4 and TBG concentrations are increased, were within the normal reference interval (4, 5) . These findings suggest that some mechanisms decrease results for apparent free T4 in sera with low T4 and low TBG concentrations-for example, sera from severely ill euthyroid patients.
In considering one of the possible mechanisms underlying this phenomenon, we studied the effect of"stripping" or "unbinding"
T4 from the T4-binding proteins-primarily TBG-on the estimates of free T4 concentration. In the RIAs for free T4, considerable T4 may be removed from TBG in a reaction medium that contains T4-binding antibody; such an antibody could significantly diminish the binding of T4 by serum proteins and, concurrently, decrease the concentration of free T4. We studied the effects of this "stripping" in several RLA methods, using sera from patients in various clinical states, and compared the results with those determined by equilibrium dialysis.
Materials and Methods

Materials
Samples of serum were obtained from four normal subjects, four patients with hyperthyroidism and hypothyroidism, four normal women in the last trimester of pregnancy, and four elderly euthyroid patients with malnutrition.
To assess free T4 measurement by the RIAs, we obtained serum samples from nine subjects with malnutrition in whom the serum albumin concentration was decreased (18, SD 6, gIL) . Serum samples from 24 healthy subjects served as normal controls.
Assessment of the Percentage Free T4
We measured the percentage of free thyroxin (% free T4) in duplicate by equilibrium dialysis. ['251]T4 supplied by Daiichi Radioisotope Lab., Tokyo 103, Japan (400 Ciig, 0.156 Ci/L), was purified by preliminary dialysis in a modification of the method described by Schussler To measure the % free T4, we pipetted 0.5-mL aliquots of the diluted or undiluted labeled serum samples into dialysis tubing and dialyzed in a 25-mL Erlenmeyer flask against 7 mL of"abc" buffer: (a) 8.0 g of NaC1, 0.2 g of KC1, 1.15 g of Na2HPO4, 0.2 g of KH2PO4, plus water to 800 mL; (b) 0.1 g of CaCI2, in 100 mL of water; and (c)0.1 g of MgC12 . 6H2O in 100 mL of water. We combined a, b, and c and adjusted to pH 7.4 with 5 molIL NaOH solution (5, 9, 10) . After 20 h of dialysis in a shaking water bath (37 #{176}C, 130 strokes per minute), we added 0.1 mL of 2 mol/L KI solution to 3 mL of dialysate and mixed this with 3 mL of pooled normal serum. The ['251]T4 that bound to the added serum protein was precipitated with 2.0 mL of chilled 200 g/L trichloroacetic acid. After centrifugation, the pellet was washed three times with 5-mL portions of 50 g/L trichloroacetic acid solution. The radioactivity in the resulting precipitate was measured and compared with that in a 50-L aliquot of the same sample of diluted or undiluted serum that had been subjected to dialysis but not precipitated.
The % free T4 is calculated from the quotient of the concentration of the radioactivity in the 3 mL of dialysate (A) divided by that in the 50 L of original serum (B) corrected for dilution factor (DF) for the serum sample inside the dialysis tubing:
where the factors 3 and 20 are needed for normalization of the counts from 3 mL of dialysate and #{189}o mL of dialyzed serum for comparison.
Dilution of Sera and Calculation of Percentage Stripping
To estimate the percentage ofT4 strippedfrom TBG, we serially diluted each of the labeled serum samples with the abc buffer, to give dilutions of 5-, 10-, 25-, 50-, 100-, and 200-fold. We then dialyzed 0.5-mL aliquots of each of the undiluted and diluted serum samples against 7 mL of the abc buffer. The overall dilution factors, the inverse ratio of the volume of the labeled original serum sample placed in the dialysis tubing to the total volume of the dialysis system (7.5 mL), were therefore 15 (for the originally undiluted serum), 75, 150, 375, 750, 1500, and 3000, respectively. The free T4 diffuses across the dialysis membrane throughout the whole dialysis system, so that, after the equilibrium is established, the total amount of free T4 in the system is the dilution factor number of times more than that of original undiluted labeled serum in the tubing-that is, the percentage stripping is calculated from the product of % free T4 in the original serum and the overall dilution factor.
Estimation of Percentage Stripping in RIA Methods
In the GammaCoat two-step Free T4 RIA (Clinical Assays) in which tubes coated with antibody to T4 are used, we incubated duplicate 50-FL aliquots of E'251]T4-labeled serum with buffer in the antibody-coated tubes for 20 mm
then aspirated the contents and washed the tubes with buffer supplied with the kit. The radioactivity remaining in the tubes was measured and compared with that in a 50-FL aliquot of the original labeled serum.
In the LiquiSol Free T4 RIA, in which nylon microcapsules containing anti-T4 antibody are used, we incubated duplicate 25-FL aliquots of [1251]T4-labeled and unlabeled serum with the microcapsules. After centrifugation and aspiration, the radioactivity in the precipitate of the microcapsules was measured. We calculated the percentage stripping from the difference between the radioactivities in the microcapsules that had been incubated with the labeled and unlabeled serum samples, divided by the radioactivity measured in a 25-,L aliquot of the original labeled serum.
Effect of Sample Volume in the Free T4 RIAs
We measured free T4 by GammaCoat two-step RIA and LiquiSol RIA, using sample volumes of 10, 25, 50, and 100 L. We also measured the percentage of free T4 stripped from TBG by the GammaCoat two-step Free T4 RIA, using different volumes of samples. of that of the final mixture. The labeled serum samples were subjected to reverse-flow paper electrophoresis (Toyo ifiter paper strips, no. 51; Toyo Roshi Kaisha Ltd., Tokyo 103, Japan) in 0.2 molIL glycine-0.13 molJL acetate buffer, pH 8.6, in a electrophoresis cell with a horizontal rack (Advantec Toyo Kaisha Ltd., Tokyo 103, Japan). Autoradiographs of the filter paper were prepared, and the three zones for the three binding proteins were located and excised. The percentage of T4 bound to TBG (%TBG-T4) was calculated from the total radioactivity counts of the zones for the three proteins.
TBG capacity of the serum samples was assessed in duplicate by enriching samples with [1251]T4as was done in the endogenous T4 distribution study, and with unlabeled T4, to give a final concentration of 200 g/lOO mL, then subjecting them to reverse-flow electrophoresis. The concentration of unbound sites of TBG (free TBG capacity) was calculated by subtracting the concentration of endogenous T4 bound to TBG (TBG-T4) from the TBG capacity.
Results
To observe the effect of dilution on values for free T4
measured by equilibrium dialysis, we dialyzed decreasing volumes of undiluted normal serum samples (1.0, 0.5, 0.5, 0.3, 0.3, and 0.2 mL), against increasing volumes of abc buffer (3.0, 4.5, 9.5, 14.7, 29.7, and 49.8 mL, respectively).
The dilution factors of the dialysis systems were thus 4, 10, 20, 50, 100, and 250, respectively. The estimates of the % free T4-0.0111, 0.0108,0.0117,0.0115,0.0113, and 0.0105, respectively-showed no particular dilution-related alterations. Figure 1 shows the alterations in % free T4 measured by equilibrium dialysis in serially diluted sera from patients in various clinical states as a function of the dilution factor. The mean estimates of % free T4 in sera from patients with hyperthyroidism and low TBG showed apparent decreases at lower dilutions (75-and 150-fold, respectively), whereas those from patients with hypothyroidism and pregnant women showed the decreases at higher dilutions, >1500-fold. The normal sera showed the decrease of % free T4 at represented by the product of the estimate of the % free T4 and the respective critical dilution factor; that is, the quotient of the radioactivity for the total amount of free T4 in a dialysis system divided by the total radioactivity in the dialysis system.
The mean critical percentage stripping was 6.38% (SD 1.35%) in the normal sera, 2.76% (SD 0.15%) in sera from the hyperthyroid patients, 16.73% (SD 3.39%) in the hypothyroid patients, 9.75% (SD 0.72%) in the pregnant women, and 4.28% (SD 1.26%) in the elderly, low-TBG patients. Table 1 shows the T4-binding indices for the sera we studied. The ratio of free TBG capacity to TBG capacity, which represents the degree to which the TBG is unsaturated with T4, increased in serum from the patients with hypothyroidism and the pregnant women and decreased in serum from the hyperthyroid patients. The values for the critical percentage stripping showed variations similar to those for the ratio of free TBG capacity to TBG capacity, and there was a hyperbolic relation between the critical percentage stripping and TBG capacity/free TBG capacity (Figure 2, see Appendix 1) .
The percentage stripping estimated in GammaCoat twostep Free T4 RIA and LiquiSol RIA was less than the critical percentage stripping determined by equilibrium dialysis in all of the sera tested, except for that from the patient with low TBG as measured by LiquiSol Free T4 RIA (6.41%, SD 0.90%). In nine patients with malnutrition and low values for TBG (11.6 ± 3.7 mg/L, mean ± SD) and #{182}l1 (42 ± 15 j.tg/L), the mean free T4 concentration as measured by LiquiSol Free T4 lIlA was significantly lower (12 ± 2 ng/L, P <0.001) than the normal mean value (17 ± 3 ng/L) estimated for the 24 healthy subjects. In contrast, the mean free T4 concentration by GammaCoat two-step RIA (15 ± 4 ng/L) was not significantly different from the normal mean value (17 ± 3 ng/L). Figure 3 shows the percentage stripping estimated by GammaCoat two-step Free T4 RIA as a function of the sample volume. The hyperbolic relation illustrated shows higher-than-normal values for sera from patients with hypothyroidism and low TBG and lower values in patients with hyperthyroidism and pregnancy. Figure 4 shows the alterations in the estimates of free T4. The estimates for free T4 as measured by GammaCoat two-step Free T4 RIA did not show much alterations. In contrast, as measured by LiquiSol RIA the estimates for free T4 in all sera studied slightly decreased as sample volume decreased.
Discussion
In the free T4 measurement of undiluted or slightly diluted serum by equilibrium dialysis, the effect of the stripping of T4 from T4-binding proteins on the value for free T4 concentration is small enough not to be realized and is within the variation of assay procedures. That is because the affinity constant of the reaction between TBG and T4 is in the order of 109_lOb (10) (11) (12) (13) and % free T4 is so small that the total amount of free T4 in the whole assay system is comparatively small. Thus the proportion of the concentration of TBG-T4 to that of free TBG in serum, which determines the free T4 concentration, is not significantly altered by stripping T4 from T4-binding proteins. On the other hand, considerable T4 can be stripped from the T4-binding proteins and then bound by the antibodies used in RIA, which have a high affinity for T4. This circumstance of significant stripping ofT4 can be observed in the assay system of free T4 by equilibrium dialysis by using highly diluted serum. We intended to explore the mechanisms of a technical artifact induced by the stripping ofT4 in some RIAs compared with equilibrium dialysis.
The estimates of the free T4 by equilibrium dialysis showed comparatively little change in diluted sera up to the critical dilution factor. These results are consistent with theoretical and experimental analysis reported by Oppenheimer and Surks (11) . Previous reports describing significant decreases in % free T4 up to 55% (14) or 70% (15) in slightly diluted sera (small dilution factor) probably resulted from the use of phosphate buffer as diluent. Chloride ion is known to increase the % free T4 over a wide range; the concentration of chloride ion in serum samples is decreased when phosphate buffer is used as diluent, which results in lower values for % free T4 (16, 17) . The effect of labeled contaminants of iodide on the value for % free T4 has been reported; it can be avoidedby preliminary purification by dialysis (8, 10) . In this study we used abc buffer with physiological concentrations of ions, including chloride ion, and preliminary purification, which will result in little change in the value for % free T4 up to the critical dilution factors.
The estimates of % free T4 by equilibrium dialysis apparently decreased in all serum samples diluted more than the critical dilution factors. The values for the critical dilution factor as well as the critical percentage stripping differed from sample to sample, decreasing in those from patients with hyperthyroidism and increasing in those from patients with hypothyroidism and pregnant women. So faras significant reduction in the value for % free T4 in diluted serum isdefinedas a fixedpercentageofreduction of that in undiluted serum, a theoretical analysis revealed a hyperbolic relation between the critical percentage stripping and the grade of unsaturation of TBG with T4, that is, the ratio of TBG capacity to free TBG capacity. Stripping of T4 from TBPA and albumin is not usually related to the saturation of these proteins by T4 (see Appendix 1). Our experimental results also supported this theoretical analysis (Figure 2) .
The effect of dilution of serum on the concentration of freeT4 has been previously investigated by Oppenheimer and Surks (11) . Figure 5 shows values for % free T4 calculated from their theoretical formulation as a function of dilution factor. In this calculation, we used values for the concentration of'N'4, TBG capacity, and albumin measured in the present study. TBPA capacity was assumed to have a constant value of 3.06 x 106 molJL (12) ; the values for KTBG,KThPA, and KbUfl were assumed to be 1.7 x 1010 L/mol,2.3 x l0 L/mol, and 6.2 x iO L/mol, respectively (12) . The patterns of change in % free T4 are similar to the present study as shown in Figure 1 , though the values were slightly higher than the present experimental study. The mean ratio of the values for % free T4 in diluted serum samples at the critical dilution factor to those of undiluted sera (dilution factor of 15) was 88.1% for sera from normal subjects, 95.3% for sera from hyperthyroid, 76.5% for sera from hypothyroid patients, 85.3% for sera from pregnant women, and 93.4% for low TBG sera. These percentage decreases in % free T4 were thus fairly close to each other. As judged by the values for the percentage critical #{149} Fret stripping measured by equilibrium dialysis, estimates of for the free T4 to pass across the dialysis membrane of the free T4 concentration are most easily affected by stripping microcapsules may be the underlying mechanism, because of T4 from T4-binding proteins in sera from patients with this phenomenon diminished when we used a 24-h incubahyperthyroidism and least easily in those from patients tion time (unpublished data). with hypothyroidism and pregnant women. However, in RIA, another mechanism of saturation of antibody with T4
In conclusion, stripping of T4 from TBG can cause an takes place. As shown in Figure 3 , in the RIA of sera with erroneous decrease in estimates of free T4 by some RLAs high concentrations of'VF4, such as sera from hyperthyroid such as the LiquiSol RIA. This decrease tends to be espepatients or those from pregnant women, the antibody in the cially associated with estimates for sera with low TBG and RI.A system tends to be saturated with T4, and the percentlow T4 concentration. The effect is less pronounced when age bound by the antibody-that is, the percentage striplarger sample volumes are used in the assay. ping from T4-binding proteins-decreases, so that the estimate of free T4 is not easily affected by the stripping of T4. In contrast, the RIA ofsera with low concentrations of TT4, such as sera from patients with hypothyroidism or sera
Appendix 1
According to the law of mass action, with low T4 and low TBG, the percentage bound by antibody-that is, the percentage stripping-increases. Because the value of the critical percentage stripping determined by equilibrium dialysis is high in sera from hypothy-
roid patients, the effect of the artifact induced by the stripping of T4 is seldom a problem. Thus, sera with low TBG and low T4, in which the critical stripping is low, have a tendency to be most easily affected by the stripping of T4, showing erroneous low values.
When we compared the percentage stripping or percentage bound by the antibody in the GammaCoat (two-step)
RIA or that in LiquiSolRIA with the critical stripping determined by equilibriumdialysis in [18] [19] [20] , and it should be a necessary but not a sufficient condition to validate free T4 assay, because it checks many factors that cause artifacts, including the stripping of T4 from T4-binding proteins as well as analog-binding to serum albumin (19, 20) . The effect of sample volume on the estimates of free T4 shown in Figure 4 will demonstrate the effect of the stripping on the estimates of free T4 as measured by LiquiSol RIA and the minimal effect on those by GammaCoat (two-step) RIA. The results of the LiquiSol RIA alsoshow thatthe valueforfreeT4 innormal serum as (3) measured by using a l0-ML sample volume corresponds to that measured in low-TBG serum with a 25-.tL (standard volume) sample volume. That is, the effect of the stripping is stronger when a smaller sample volume is used. A Suppose that,ata fixedpercentageofreduction(equation3 theoretical analysis is shown in Appendix 2. We do not = 100 -k), the free T4 concentration is "significantly" know why the value for free T4 by LiquiSol RIA decreased reduced by the artifact induced by the stripping ofT4 from x \100-k Equation 4 shows the hyperbolic relation between dx and p. As the fraction of [free TBG] increases, p increases and approaches a constant value; and as TBG is saturated by T4 and [free TBG] decreases, p approaches 0. The latter circumstance applies to sera from patients with hyperthyroidism and the former applies to sera from patients with hypothyroidism or pregnancy; both are consistent with the results shown in Figure 1, Figure 2, 
Appendix 2
When serum is diluted by a factor of D in RIAs, equation shows that the amount of stripping in diluted serum is D times as much as p.
